ABSTRACT
Approaches for detecting and estimating the influences of selection at the molecular level have included those that rely on the calculation of the global nonsynonymous to synonymous substitution rate ratio, K a /K s (e.g. Li, 1993; Pamilo and Bianchi, 1993) , methods that compare levels of intra-and interspecific genetic variation (e.g. McDonald and Kreitman, 1991; Sawyer and Hartl, 1992) , and maximum likelihood strategies, including both random-and fixed-sites models (e.g. Yang et al., 2000; Yang and Swanson, 2002; Yang and Nielson, 2002) . The K a /K s approaches assume that if positive selection has significantly influenced the molecular evolution of a protein-coding DNA sequence, K a /K s > 1.0. This assumption, however, has been found to be too conservative for practical use (e.g. Sharp, 1997) because conservative genes will almost always have more synonymous than nonsynonymous substitutions (Crandall et al., 1999) even if several sites have been influenced by positive selection. Approaches that compare intra-and interspecific variation assume that a greater K a /K s ratio between species than within indicates that at least some of the changes between species have preferentially persisted due to selection. These approaches are also limited in scope because they are applicable to only very closely related species at * To whom correspondence should be addressed. the population level, and thus only can detect molecular adaptation that is recent in derivation (Sharp, 1997) . Although more sensitive than the global K a /K s techniques, they are inapplicable for most data at the species, genus, and family levels, etc. Maximum likelihood strategies overcome many of these shortcomings because they apply the K a /K s approach to individual sites. However, once positive selection is detected, they provide little evidence that suggests the cause of selection, short of inferring causation from domain function only.
In reaction to many of these shortcomings, a few additional statistical models are emerging, including those that incorporate changes in quantitative amino acid properties (Xia and Li, 1998; McClellan and McCracken, 2001 ). These approaches use calculations of expected random distributions of possible amino acid changes based on fixed differences between residues given a particular physicochemical property. By comparing expected distributions with changes inferred from well corroborated phylogenetic trees, detection of significant deviations from neutral expectations is possible (Figure 1) . In order to better implement these models, we have developed TreeSAAP (Selection on Amino Acid Properties using phylogenetic trees), a Java application that implements and automates analysis.
The user communicates with TreeSAAP using a menudriven interface. DNA sequence input is accomplished with a standard NEXUS format. A TREES block is included to define phylogenetic relationships and infer amino acid substitution events. The user chooses the number of magnitude categories that will be considered and the appropriate genetic code. The user may select from among 31 amino acid properties (see Table 1 ) and the phylogenetic trees included in the TREES block. The user specifies a model of evolution for ancestral node reconstruction, which is accomplished using the PAML (Yang, 1996) algorithm baseml. TreeSAAP compares sequences in the context of the specified phylogenetic topology, (1) nucleotide characters are optimized onto a well-corroborated phylogenetic tree to infer amino acid replacement events; (2) observed amino acid replacements are analyzed in the context of the several physicochemical properties to determine the magnitude classes (c1-c8) of change; (3) the codon compositions of the extant DNA sequences are analyzed in terms of relative frequencies of magnitude classes of evolutionary pathways for each amino acid property; and (4) percent difference between expected and observed mean changes (Xia and Li 1998 ) and goodness-of-fit (assuming a χ 2 -distribution) of observed to expected distributions (McClellan and McCracken, 2001 ) are calculated for three scales, and the hypothesis of equality between contiguous proportions (p1-p8) of observed substitutions to expected evolutionary pathways is tested (using a normal distribution) for each property (probabilities denoted with * for p < 0.05, and ** for p < 0.01). 
T urn tendencies (P) Molecular volume (M v ) codon by codon, to infer amino acid replacement events.
The inferred pattern of amino acid replacement is then analyzed by using the Xia and Li (1998) and McClellan and McCracken (2001) methods. Both models estimate distributions of potential changes in physicochemical amino acid properties by assuming that every possible amino acid replacement is equally likely under neutral conditions. Expected and observed mean changes in amino acid properties are summarized by the mean percent difference (Xia and Li, 1998) . The relative shapes of expected and observed distributions are analyzed two different ways; by goodness-of-fit and by statistically comparing proportions of observed amino acid replacements to expected evolutionary pathways for each contiguous magnitude category (McClellan and McCracken, 2001) . Under neutral conditions, the proportions of all contiguous categories are expected to be approximately equal. Generally speaking, low mean percent differences, moderately high goodness-of-fit scores, and significant differences between the most radical magnitude categories correlate with positive selection.
